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Abstract 
Machined monolithic components provide the foundation for modern aircraft structures requiring high performance designs in 
terms of weight, strength, and fatigue properties. Part distortions arising from machining-induced stresses and tool deflection 
resulting from high dynamic cutting forces frustrate manufacturing and assembly processes, necessitating expensive in-process and 
post-machining corrective measures aimed at eliminating their effects. Component weight and cost requirements are often 
compromised by adding thicker component section designs or off-machine part flipping processes as a distortion control 
mechanism. Similarly, small depths of cut are taken to minimize cutting forces and tool deflection. Additional spring passes are 
also taken to eliminate any undercut errors introduced by unanticipated deflection and distortion problems. The ability to accurately 
predict and minimize tool deflections and part distortion via simulations can significantly reduce manufacturing and assembly costs. 
This paper presents physics-based models for predicting tool deflection and part distortions by considering the appropriate physics 
for each problem. Dynamic cutting forces predicted by physics-based machining models, and tool compliance properties are 
incorporated into a detailed linear elastic deflection model in order to predict in-process deflections along a computer numerical 
control (CNC) machining toolpath. Similarly, bulk stress state and machining-induced stresses for large, monolithic part machining 
are taken into account for predicting part distortions. Sources of stresses may include heat treatment, quenching, forging, and 
machining operations. Bulk stress data from heat treatment predictive models can also be imported and mapped onto the workpiece 
finite element model. CNC part programs, along with stresses arising from corresponding tooling, are processed and analyzed. 
Results of a validation study for workpiece distortion predictions are presented for a number of monolithic, thin-walled 
components. Predictions for tool deflection are also compared against experimental measurements for multiple cutting 
configurations and tool diameters. Good correlation is found between predictions and measurements of deflection. 
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1. Introduction 
Machining of monolithic components is a 
fundamental practice for modern aircraft structures 
manufacturing. It requires high performance designs in 
terms of weight, strength, and fatigue properties. Part 
distortions and tool deflection became critical issues in 
design, manufacturing and assembly of aircraft 
structures. Although various in-process and post-
machining corrective measures are available at high cost 
aiming at eliminating or minimizing effects of part 
distortion and tool deflection, the ability to accurately 
predict and minimize tool deflections and part distortion 
via simulations can significantly reduce manufacturing 
and assembly cost.  
Tool deflection arises from high dynamic cutting 
forces cutting forces during machining processes. 
Dynamic cutting forces can be predicted by physics-
based machining models considering workpiece material 
properties, CNC machining toolpath, part geometry, and 
cutting force computation models. Coupled with tool 
compliance properties, a linear elastic tool deflection 
model can predict in-process tool deflections along CNC 
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machining toolpath within the physics-based cutting 
force prediction framework.
Residual stresses in machined parts result from two
sources [3]: bulk stresses from pre-machining processes 
and residual stresses induced by the machining process
[1]. There has been considerable research on predicting 
machining-induced residual stresses using finite element 
methods [2]-[8]. Predictions of the most advanced 
models are qualitatively accurate. Given the difficulty of 
repeatably measuring machining-induced residual stress
in large-grain aluminum and titanium alloys, model 
predictions are often as reliable as measurements.
This paper describes a physics-based linear elastic
tool deflection model and an integrated approach to
predict distortions in machined structures due to both 
bulk and machining-induced residual stresses. Details of 
the linear elastic tool deflection model will be presented 
in Section 2. In Section 3, the integration of machining 
induced stresses into a toolpath analysis program that
accounts for bulk stresses to predict distortions is
described. A validation study of tool deflection and
distortion prediction is reviewed in Section 4 by 
comparing predictive results against experimental
measurements. 
2. Linear Elastic Beam Model to Predict Tool 
Deflection 
The linear elastic beam model for tool deflection
prediction is developed within the physics-based cutting
force prediction framework. It includes two parts, 
modeling the tool as static fixed-free end cantilever 
beam and mapping dynamic cutting force onto the tool 
to predict tool deflections. Based on the assumption that 
majority of the tool deflection is due to the overhang and
gravity and inertia effects are not significant, the
modeling for tool deflection prediction follows linear 
elastic beam theory to reduce computational complexity 
while preserving accuracy. The toolholder is modeled as 
a fixed end support holding the tool. Similarly, the work 
holding and fixtures are also assumed to be rigid.
In this elastic tool model, the tool holder is assumed 
to be cylindrical and the axial direction is parallel to Z
axis. The tool stiffness matrix K is computed based on 
tool geometry at different tool cross-sections. Each tool 
is modeled using multiple beam elements each with
different moment of inertia due to varying geometry. A
relatively simple tool as shown in Figure 1 is modeled as 
a cantilever beam with two different cross sections: one
for the flute portion and one for the tool shank. While
the shank is cylindrical and will be modeled as such, the
flute portion is modeled as a cylindrical cross section 
with an equivalent moment of inertia. For a tapered tool
as shown in Figure 2, it is modeled as a stepped 
cantilever beam. The forces fj, are assumed to be 
uniform for a given element and represents the load per 
unit length computed on each tool cutting element acting 
in the desired plane.
Figure 1. Linear elastic beam model for tool deflection prediction.
Figure 2. Tapered tool modeled as a stepped cantilever beam to
predict tool deflection.
Following linear elasticity theory, the tool projection
length L, modulus of elasticity E of the tool material, and 
the moment of inertia I are used to construct the tool 
stiffness matrix K, the inverse of which, K-1, provides the 
tool compliance matrix [15].
The tool compliance matrix is assembled for each
sequence of machining toolpath. Then resulting tool
compliance model is mapped onto the machining
toolpath and incorporated into physics-based force 
prediction model for predicting the deflections based on 
predicted forces during the machining. Since the inertial
effects are ignored, the compliance matrix can be 
directly used along with the in-plane forces to obtain the
tool deflection. Displacements for the tool are calculated 
by U = K-1F, where F is element load vector generated 
from predicted cutting forces mapped onto tool elements
[15].
3. Part Distortion Prediction Model Integrating Bulk 
and Machining-Induced Residual Stresses
3.1. Finite Element Calculation of Machining-Induced 
Residual Stresses 
There has been considerable research on predicting
machining-induced residual stresses using finite 
elements methods [2]-[8]. A comprehensive discussion 
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on the numerical techniques and validation examples are 
available in literature [9]-[10].  
In this work, machining residual stresses were 
calculated using AdvantEdge FEM, an explicit dynamic, 
thermo-mechanically coupled finite element model 
specialized for metal cutting [9]. The model contains 
deformation hardening, thermal softening, and rate 
sensitivity tightly coupled with a transient heat 
conduction analysis appropriate for finite deformations. 
Machining-induced residual stresses are computed by 
thermo-mechanically relaxing the workpiece after 
machining. After the tool passes, thermo-mechanical 
computations are continued until transient thermal 
gradients in the machined surface dissipate and the work 
sample comes to an equilibrium configuration with a 
resultant residual stress distribution.  
3.2. Integrating Bulk and Machining-Induced Residual 
Stresses 
To determine the effects of both machining-induced 
and bulk residual stresses on the distortion of machined 
structures, an approach combining finite element 
analysis results with toolpath-level analysis is required. 
Figure 3 shows the overall approach used in this work. 
The initial workpiece geometry, toolpath, and workpiece 
material properties are imported into a commercially-
available mechanistic model for five-axis end milling 
[13]. The final part geometry is generated based on the 
toolpath and initial workpiece geometry. The distortion 
prediction component then generates mesh for the final 
geometry of the part, builds a finite element model, 
imposes bulk stresses and maps residual stresses from 
machining onto the model, and performs an equilibrium 
analysis. Results of predicted part distortions are then 
displayed through a visualization tool.  
Figure 4 shows a section of typical thin-walled 
components to be analyzed. The T-section geometry 
consists of ribs, webs and fillets. Ribs are subjected to 
machining-induced stresses from side cutting, while 
webs are subjected to machining-induced stresses from 
end milling. Since the effect of tool corner radius on the 
final distortion is significant, its effect was incorporated 
into the mapping scheme. 
Machining-induced stresses for different process 
conditions, computed through finite element calculations 
discussed above, are stored in a machining induced 
stress database. The database consists of machining-
induced stress profiles as functions of cutting speed, feed 
rate, depth of cut, tool nose radius, and radial and axial 
rake angles. Machining induced stress mapping is 
performed on the surface of the thin-walled workpiece. 
Then residual stresses are determined from the database 
with process parameters computed at the final part 
surface, and applied to the corresponding elements in the 
mesh of final part. Finally nodal forces in each element 
due to applied residual stresses are computed and stored 
to be used later in the assembly of the global nodal load 
vector.  
 
Figure 3. Overview of approach to model distortion cause by both bulk 
stress and machining-induced stress. 
 
Figure 4. Typical thin-walled section 
Bulk stresses from the primary process are 
incorporated in an analogous manner. Limited published 
data for these profiles is available; a typical example is 
shown in Figure 5 [14]. These stresses are applied to the 
mesh in a manner analogous to that used for the 
machining-induced stresses. Once the stresses are 
applied, assembly of the global stiffness matrix, global 
load vector, and application of boundary conditions are 
performed using standard finite element techniques. 
 
Figure 5. Bulk residual stresses in 80 mm thick 7050 T74 Aluminum 
plate [14]. 
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4. Validation results
4.1. Validation of tool deflection prediction
Three sets of experimental machining test were 
carried out to validate the developed model to predict 
tool deflection. Each set of machining test was
performed on aluminum 7050 alley with different tool 
projection length. The projection length of tool for each
set of machining test is 76 mm, 102 mm and 127 mm
respectively. Within each set of machining test, three
feeds, two radial depths of cut (RDOC), and two axial
depths of cut (ADOC) were used to generate 
experimental tool deflections under different cutting
conditions. Three feeds (low feed, medium feed and high
feed) cover the recommended range for machining of 
aluminum 7050 alloy.
Simulations were performed for all experimental
cutting conditions within Production Module 3D [13], a 
physics-based NC simulation and optimization software,
incorporated the computational model described above
to predict the tool deflections. Figure 6, Figure 7, and 
Figure 8 show the comparison of tool deflections
between experiments and predictions. The error bars in 
these figures represent the uncertainty of experimental 
measurements. The tool deflections predicted by
developed model compare very well with experimental
testing both in overall trend and magnitudes. With
higher feed, the tool deflection increases due to higher
cutting force. There is an increase in tool deflection with 
increasing RDOC and ADOC. In extreme cutting
conditions with high axial and radial depths of cut,
experimental measurement of tool deflection shows high
degree of uncertainty. This arises due to high degree of 
process instability caused by vibration and chatter.
Figure 6. Tool deflection predicted vs experimental measurements for 
Al7050. (Tool Projection Length=76 mm).
Figure 7. Tool deflection predicted vs. experimental measurements for 
Al7050. (Tool Projection Length=102mm)
Figure 8. Tool deflection predicted vs. experimental measurements for
Al7050. (Tool Projection Length=127 mm)
4.2. Validation of distortion prediction
To validate the distortion prediction technology, a
series of tests were designed to machine an identical 
T-section component with different toolpaths and tool 
corner radii. The objective was to study the sole effect of 
varying toolpaths on the final part distortion under
identical machining conditions.
The T-section components were machined from an 
initial 50.8 mm thick aluminum (Al7050-T7451) plate.
The resulting distortion along the Z-direction was
measured on the back face of the T-section using a 
Renishaw probe. Multiple machining tests were
conducted for each test case for repeatability check. Two
test cases were performed, Case 1 and Case 2, with
different toolpath but generating same part geometry.
Figure 9 compares the measured distortion for the 
different test cases. A comparison of Case and Case 2 
proves the sensitivity of the final distortion to different
toolpaths under identical cutting process parameters. The
measured distortion for Case 1 shows a distinctive twist 
mode, whereas the twist mode in Case 2 is considerably 
muted. The predicted distortions from simulations are 
compared with experimental results in Figure 10. As the 
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figures reflect, the technology accurately reproduces the 
experimental trends.
Figure 9. Measured distortion for test cases.
(a) Case 1 Measured Distortion (b) Case 1 Predicted Distortion
(c) Case 2 Measured Distortion      (d) Case 2 Predicted Distortion
Figure 10. Comparison of measured and predicted distortions
Further analyses were carried out for the structural
component shown in Figure 11. This part is made of 
Al7050 and has thin walls of 2 mm. The final part has
dimensions of 800 mm x 100 mm x 25 mm. Figure 12
compares the carpet plot of predicted and measured. As 
the figures indicate, predicted and measured data are in
excellent agreement.
Figure 11. Candidate test component for validation of distortion
prediction.
Figure 12. Carpet plot comparison of predicted and measured
distortion at an offset of 7 mm.
Additional analyses were conducted for two 
aerospace structural parts provided by EADS, shown in
Figure 13. Both parts, a fillet rib and a pressure 
bulkhead, are made of Al7050 and have several pockets, 
thin walls of varying thicknesses, and five-axis walls.
Figure 13. EADS fillet rib (1.51 m x 785 mm x 38 mm) and pressure
bulkhead (1.63 m x 3.14 m x 76 mm).
The mesh for the fillet rib containing 22,736 elements 
is shown in Figure 14. Part distortion was measured 
using CMM from a machined component. Figure 15
shows the comparison between the measured and
predicted distorted shapes. As can be seen, the measured 
and predicted distortions agree well both qualitatively
and quantitatively in this case.
Figure 14. Mesh for fillet rib (left) and predicted distorted shape
(right).
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Figure 15. Comparison of computed and measured distortions for the 
fillet rib. 
The mesh for the pressure bulkhead, which contains 
147,769 elements, is shown in Figure 16. A comparison 
of predicted and measured distortions is shown in Figure 
17. The measured and predicted distortions agree well 
qualitatively, but the predicted values overestimate the 
measured values at the outer edges of the part. This is 
partly due to the geometry of the part; given its large 
dimensions, slight errors in distortion near the center 
would be magnified at the edges due to a parallax effect.  
 
Figure 16. Pressure bulkhead mesh of 147,769 elements. 
 
Figure 17. Comparison of prediction versus measurement for pressure 
bulkhead. 
Summary and Conclusions 
This paper summarizes a predictive model to 
calculate tool deflection and a methodology for 
calculating distortions in thin-walled components due to 
both bulk and machining-induced residual stresses. 
Within the physics-based force prediction framework, 
considering the tool compliance properties, tool 
deflection can be predicted based on dynamic cutting 
force along machining toolpath. Applying similar 
approach, part distortions can be predicted by applying 
stress components on final part geometry along 
machining toolpath. Machining induced stresses are 
applied based on a database of values computed through 
finite element analysis for a range of representative 
cutting and tooling conditions. Measured bulk stresses in 
the parent billet are stored in a corresponding database. 
Validation results for multiple aerospace parts are 
presented. 
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